Pharmacological inhibition of microsomal prostaglandin E synthase (mPGES)-1 for selective reduction in prostaglandin E 2 (PGE 2 ) biosynthesis is protective in experimental models of cancer and inflammation. Targeting mPGES-1 is envisioned as a safer alternative to traditional non-steroidal anti-inflammatory drugs (NSAIDs). Herein, we compared the effects of mPGES-1 inhibitor Compound III (CIII) with the cyclooxygenase (COX)-2 inhibitor NS-398 on protein and lipid profiles in interleukin (IL)-1β-induced A549 lung cancer cells using mass spectrometry. Inhibition of mPGES-1 decreased PGE 2 production and increased PGF 2α and thromboxane B 2 (TXB 2 ) formation, while inhibition of COX-2 decreased the production of all three prostanoids. Our proteomics results revealed that CIII downregulated multiple canonical pathways including eIF2, eIF4/P70S6K, and mTOR signaling, compared to NS-398 that activated these pathways. Moreover, pathway analysis predicted that CIII increased cell death of cancer cells (Z = 3.8, p = 5.1E−41) while NS-398 decreased the same function (Z = −5.0, p = 6.5E−35). In our lipidomics analyses, we found alterations in nine phospholipids between the two inhibitors, with a stronger alteration in the lysophospholipid (LPC) profile with NS-398 compared to CIII. Inhibition of mPGES-1 increased the concentration of sphinganine and dihydroceramide (C 16:0 DhCer), while inhibition of COX-2 caused a general decrease in most ceramides, again suggesting different effects on cell death between the two inhibitors. We showed that CIII decreased proliferation and potentiated the cytotoxic effect of the cytostatic drugs cisplatin, etoposide, and vincristine when investigated in a live cell imaging system. Our results demonstrate differences in protein and lipid profiles after inhibition of mPGES-1 or COX-2 with important implications on the therapeutic potential of mPGES-1 inhibitors as adjuvant treatment in cancer. We encourage further investigations to illuminate the clinical benefit of mPGES-1 inhibitors in cancer.
INTRODUCTION
Prostaglandin E 2 (PGE 2 ) is a key regulatory lipid mediator in inflammation, immune responses, and tumor development (Wang and Dubois, 2010; Ricciotti and FitzGerald, 2011; Kalinski, 2012; Nakanishi and Rosenberg, 2013) . It is a metabolite of arachidonic acid, which is released from membrane phospholipids by cytosolic phospholipase A2 (cPLA 2 ) and then converted by cyclooxygenase (COX)-1/2 into unstable PGH 2 that is further processed by terminal synthases into the major prostanoids including PGE 2 , PGD 2 , PGF 2α , PGI 2 , and thromboxane A 2 (TXA 2 ) (Smith et al., 2011) . Various non-steroidal anti-inflammatory drugs (NSAIDs), which frequently are used to treat inflammation and pain, reduce the level of PGE 2 and are able to promote anti-proliferative effects in different cancer models (Wang and Dubois, 2010) . Despite the promising potential for cancer treatment, NSAIDs are associated with severe adverse effects (Sorensen et al., 2000; Cheng et al., 2006; Grosser et al., 2006) . Hence, our focus has now shifted downstream of cyclooxygenases to the development of microsomal prostaglandin E synthase-1 (mPGES-1) inhibitors to selectively reduce PGE 2 biosynthesis and spare the other prostanoids (Larsson and Jakobsson, 2015) . Genetic deletion as well as pharmacological inhibition of mPGES-1 have demonstrated this target as an effective anti-cancer regimen (Hanaka et al., 2009; Kamei et al., 2009; Nakanishi et al., 2011; Sasaki et al., 2012; Howe et al., 2013; Takahashi et al., 2014; Zelenay et al., 2015; Kock et al., 2018) .
Non-small cell lung cancer (NSCLC) is the most common and deadliest lung cancer. One third of NSCLC tumors have a mutation in the KRAS gene, leading to overexpression of MYC and sustained proliferation (Cancer Genome Atlas Research, 2014) . Increased MYC activity in lung tumors correlates with increased interleukin (IL)-1β production, higher cPLA 2 activity, and increased expression of downstream enzyme COX-2, which subsequently results in higher levels of liberated arachidonic acid and eicosanoid production (Hall et al., 2016) . IL-1β promotes prostanoid synthesis by activating cPLA 2 translocation and inducing COX-2 expression via several mechanisms (Harper and Tyson-Capper, 2008 ) including sphingolipid metabolism (Billich et al., 2005) . This creates a vicious cycle with elevated activity of the COX-2/mPGES-1/PGE 2 pathway in lung tumors. Indeed, COX-2 and mPGES-1 are found overexpressed in NSCLC (Yoshimatsu et al., 2001; Petkova et al., 2004) and overexpression of either enzyme correlates with poor prognosis (Khuri et al., 2001; Wu et al., 2010) . However, mPGES-1 overexpression and increased PGE 2 production alone is not sufficient to promote lung cancer in vivo (Blaine et al., 2005) . The expressions of mPGES-1 and COX-2 are induced upon treatment with IL-1β in the NSCLC cell line A549 (Jakobsson et al., 1999) , and this system is appreciated as a good model to study the modulation of the COX-2/mPGES-1/PGE 2 pathway. We have shown that knockdown of mPGES-1 in A549 cells delays tumor growth in a mouse xenograft model (Hanaka et al., 2009 ). In addition, our group has characterized a selective mPGES-1 inhibitor, Compound III (CIII, Figure 1A ), which has activity in both human and rodent systems Ozen et al., 2017; Kock et al., 2018; Nishizawa et al., 2018) . We recently reported that daily treatment with CIII reduced tumor progression in two pre-clinical models of neuroblastoma (Kock et al., 2018) .
While many of the studies conducted in the field of COX-1/2 and mPGES-1 inhibitors are specifically focusing on the eicosanoid profile, there is a lack of knowledge regarding the effects on the proteome and lipidome when targeting key enzymes in the biosynthesis of PGE 2 . In this study, we aimed to examine the effects on proteins and lipids in IL-1β-induced A549 cells after pharmacological inhibition of mPGES-1 or COX-2.
MATERIALS AND METHODS

Cell Culture
A549 cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco's modified eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ ml streptomycin, 1 mM sodium pyruvate, and 6 mM glutamine (all purchased from Sigma-Aldrich) at 37°C in a humidified atmosphere containing 5% CO 2 . Cells were seeded in 175-cm 2 flasks with ventilated cap at a density of 2 million cells/flask and grown to 85% cell confluency. At confluency, the cells were induced with 5 ng/ml of IL-1β (R&D Systems) in fresh medium and treated with either 10 μM mPGES-1 inhibitor Compound III (CIII) (NovaSAID AB, Sweden) or 0.1 μM COX-2 inhibitor NS-398 (Sigma-Aldrich), previously tested to yield reduction in PGE 2 biosynthesis to the same degree during these settings . Untreated cells were supplemented with 0.05% v/v of dimethyl sulfoxide (DMSO, Sigma-Aldrich) as vehicle control. This resulted in four experimental conditions, referred to as Ctrl (DMSO), IL-1β (IL-1β + DMSO), CIII (IL-1β + CIII), and NS-398 (IL-1β + NS-398). After 24-h treatment, cell supernatants were collected and immediately stored at −80°C for prostanoid profiling. The cells were washed once with PBS (Sigma-Aldrich) and detached using trypsin-EDTA (SigmaAldrich). Viable cells were counted by staining with trypan blue (Sigma-Aldrich). The cells were pelleted at 300 × g for 5 min and then stored at −80°C until further processed. All experimental conditions were performed in technical triplicates. The cell culture experiments were performed in separate batches for proteomics and lipidomics analyses. Each batch of experiments, i.e., four conditions in triplicates, were quality controlled by staining of mPGES-1 and COX-2 using Western blot and by measuring extracellular PGE 2 using prostanoid profiling as described below. Cell cultures were routinely checked for mycoplasma contamination using MycoAlert ™ PLUS kit (Lonza, Switzerland) according to the manufacturer's instructions.
Western Blot
A549 cell pellets were lysed in Tissue Protein Extraction Reagent (T-PER, Thermo Fisher Scientific) supplemented with 1× complete protease inhibitor cocktail (Roche Diagnostics) on ice for 30 min. The total protein concentration was determined by measuring absorbance at 260 nm with NanoDrop (Thermo Fischer Scientific). Forty micrograms of protein was separated by gel electrophoresis on NuPage ® Novex ® Bis-Tris gel system (Invitrogen AB, Sweden). Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane by using a TransBlot SD semi-dry transfer cell (Bio-Rad Laboratories AB, Sweden), and the membrane was blocked with 5% milk (BioRad Laboratories AB, Sweden) in PBS containing 0.1% Tween 20 (Sigma-Aldrich) for 30 min on a shaker at RT. Subsequently, the membrane was incubated with polyclonal antibody against either mPGES-1 [in-house (Westman et al., 2004) ] or COX-2 (Cayman Chemicals, USA) at 4°C overnight. Secondary antibody horseradish-peroxidase-coupled anti-rabbit IgG from donkey (GE Healthcare, Sweden) was incubated with membrane for 1 h at RT. The membrane was then washed 3 × 10 min in PBS containing 0.1% Tween 20, and protein bands were visualized by using Enhanced Chemiluminescence kit (GE Healthcare, Sweden) on an Amersham Hybond film (GE Healthcare, UK). GAPDH antibody (Invitrogen AB, Sweden) was used as a protein loading control.
Proteomics
Sample Preparation for Proteomics
Microsomal and soluble protein fractions of A549 cell pellets were prepared as described elsewhere (Eriksson et al., 2008) .
The microsomes were solubilized in 50 mM TEAB buffer and delipidated using MeOH/CHCl 3 precipitation according to Wessel and Flügge (1984) . Protein pellets were solubilized in 50 mM TEAB containing 0.01% SDS and 0.1% (w/v) RapiGest SF Surfactant (Waters). The protein concentration was determined using the Pierce ™ BCA Protein Assay kit (Thermo Fisher Scientific). Equal aliquots of total protein obtained for soluble and microsomal fractions were subsequently reduced using 200 mM DTT for 30 min at 56°C and then alkylated using 1 M iodoacetamide for 1 h at RT in the dark. Two-step proteolytic digestion was performed, starting with digestion using Lys-C (1:50, w/w) for 2 h at 37°C followed by digestion with trypsin (1:100, w/w) overnight at 37°C. Samples were acidified using 100% formic acid, and RapiGest SF Surfactant was removed by centrifugation. Supernatants were loaded onto Strata-X solidphase extraction (SPE) columns (Phenomenex) and peptides were eluted with 80% MeCN in 0.2% formic acid and evaporated to dryness under vacuum. Stable isotope dimethyl labeling of obtained peptides utilizing light and intermediate labels was performed according to Boersema et al. (2009) . Briefly, dried peptides were suspended in one volume of 100 mM TEAB followed by addition of 0.3% (v/v) of CH 2 O (Sigma-Aldrich) to Ctrl and 0.3% (v/v) of CD 2 O (Sigma-Aldrich) to IL-1β, CIII, and NS-398. One volume of 0.6 M NaBH 3 CN was added to all samples that were incubated for 1 h at RT and then the reaction was quenched by adding NH 4 OH and formic acid. Finally, the deuterated samples (IL-1β, CIII, and NS-398) for soluble and membrane fraction were combined with equal amount of Ctrl sample from the corresponding fraction. The samples were then loaded on Strata-X SPE columns and the stable isotope-labeled peptides were eluted with 80% MeCN in 0.2% formic acid and evaporated to dryness under vacuum.
High-Performance Liquid Chromatography (HPLC)-Fractionation for Proteomics
In order to reduce sample complexity prior to liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis, off-line peptide fractionation was performed using the Dionex Ultimate 3000 UV HPLC system (Thermo Fisher Scientific). Peptides were loaded in buffer A (20 mM ammonia) on an XBridge peptide BEH300 C18 Column, 300 Å, 3.5 µm, 2.1 × 150 mm (Waters, USA) and separated using a 40-min nonlinear gradient of 3-88% B (80% MeCN in 20 mM ammonia) into 12 fractions. Obtained fractions were pooled into four final fractions across the gradient area and evaporated to dryness under vacuum. This resulted in 72 samples (2 cell fractions × 3 treatment groups × 3 replicates × 4 fractions from HPLCfractionation) for proteomics using LC-MS/MS analysis.
Proteomics LC-MS/MS Analysis
LC-MS/MS of peptide fractions was performed on a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific) coupled to a Q Exactive Orbitrap mass spectrometer equipped with EASY-Spray ion source (Thermo Fisher Scientific). Peptide samples were trapped on an Acclaim PepMap trap column (C18, 3 µm, 100 Å, 75 µm × 20 mm) and separated on an EASY-Spray PepMap RSLC column (C18, 2 µm, 100 Å, 75 µm × 50 cm, Thermo Fisher Scientific) using a gradient of A (0.1% formic acid) and B (95% MeCN, 0.1% formic acid), ranging from 3% to 40% B in 50 min with a flow of 0.25 µL/min. The top 10 ions were selected for fragmentation, and the survey scan was performed at 70,000 resolution from 300 to 1,600 m/z, with a max injection time of 100 ms and a target of 1 × 10 6 ions. For generation of high energy collision dissociation (HCD) fragmentation spectra, a max ion injection time of 200 ms and AGC of 2 × 10 5 were used before fragmentation at 30% normalized collision energy, 17,500 resolution. Precursors were isolated with a width of 2 m/z and put on the exclusion list for 30 s. Single and unassigned charge states were rejected from precursor selection.
Proteomics LC-MS/MS Data Analysis
Obtained tandem mass spectra were converted to open source format (mzML) by "msconvert" from ProteoWizard (Chambers et al., 2012) and processed using OpenMS v2.1.0 (Rost et al., 2016) through the following workflow: The identification was based on the UniProt/Swiss-Pro human database (2016-04) combined with a decoy database. MS-GF+ (Kim and Pevzner, 2014) and Xtandem search engines were used to perform the identification using the following parameters: precursor mass tolerance: 10 ppm; fragment mass tolerance: 0.04 Da (only in Xtandem); charges: 2 to 4; enzyme: trypsin; fixed modifications: Carbamidomethyl (C), Dimethyl, Dimethyl (K and N-term), Dimethyl:2H(4) (K and N-term), Oxidation (M), Deamidated (N and Q); missed cleavages: 2, Instrument: HighRes (only MS-GF+). The unmentioned parameters were set to default value. The search engine scores were converted to posterior error probability using "IDPosteriorErrorProbability" and merged using the "ConsensusID" tool (Nahnsen et al., 2011) . q values were calculated for peptides using the "FalseDiscoveryRate" tool and peptides with q values lower than 0.05 were selected for the next step. For quantification, the raw data were centroided using "PeakPickerHiRes" and features were detected using "FeatureFinderMultiplex" using the following parameters: labels:
[Dimethyl0][Dimethyl4]; charge: 2:5, rt_typical: 12 s; rt_min: 3 s; mz_tolerance: 10 ppm; missed_cleavages: 2; intensity_ cutoff: 10; peptide_similarity: 0.6; averagine_similarity: 0.5. The identification result was mapped to the quantification result using "IDMapper" allowing 5-s retention time and 5-ppm mass deviation. Finally, the peptides across the samples were linked using "FeatureLinkerUnlabeledQT" allowing 60-s retention time and 10-ppm mass error deviation. Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity.com) was applied to identified and quantified protein datasets in order to find altered pathways. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD013490.
Prostanoid Profiling Using LC-MS/MS
Prostanoids in cell supernatants were spiked with deuterated standards, extracted with SPE, and analyzed using LC-MS/MS according to a previously described method . Results are presented in absolute concentration (mean ± SD).
Lipid Extraction for Fatty Acid Profiling of Total Lipids and Phospholipid Profiling
Lipids were extracted from cell pellets according to a previously described method and dried under a stream of nitrogen. The dried extracts were reconstituted in 500 µl of CHCl 3 /MeOH (1:1), sonicated in a water bath, and then split in two fractions: 150 µl for fatty acid profiling of total lipids using gas chromatography with flame ionization detector (GC-FID) and 350 µl for phospholipid analysis with LC-MS/MS. The fraction for CG-FID analysis was processed directly according to below. Butylated hydroxytoluene (BHT) was added to a final concentration of 0.1 mg/ml in the phospholipids fraction to prevent oxidation of lipids, and the samples were stored at −20°C until analyzed.
Fatty Acid Profiling of Total Lipids Using GC-FID
Extracted lipids were derivatized into fatty acid methyl esters (FAMEs) and analyzed with GC-FID according to a previously described method . Results are presented in weight% (mean ± SD) of total identified FAMEs within samples.
Phospholipid Profiling Using LC-MS/MS
The phospholipid fraction was analyzed using targeted LC-MS/ MS according to a previously described method . Our targeted method for phospholipids comprised 107 entities, including 11 lysophosphatidylcholines (LPCs), 32 phosphatidylcholines (PCs), 32 phosphatidylethanolamine (PEs), and 32 phosphatidylserine (PSs). Results are presented in relative abundance (area%, mean ± SD) of phospholipid species within phospholipid species classes. Phospholipid species are named based on lipid class (e.g., PC) with total acyl chain length and degree of unsaturation (e.g., 32:2).
Sphingolipid Profiling Using LC-MS/MS
Sphingolipids are named based on head group (e.g., Cer) with acyl chain length and degree of unsaturation in the amide-linked fatty acid (e.g., C 16:0 ). For the analysis of sphingolipids, cell pellets containing around 15 million cells were lysed with 1 ml of MeOH and sonicated in an ultrasound bath for 15 min. Samples were then centrifuged at 10,000 × g for 15 min. Two separate methods were used for quantification of sphingolipids.
Extraction method 1: For the analysis of sphingomyelins (SM, n = 6), ceramides (Cer, n = 9), hexosylceramides (HexCer, n = 5), lactosylceramides (LacCer, n = 4), and dihydroceramides (DhCer, n = 1), an aliquot of 100 µl of the extract was used. First, 10 µl of a mixture containing odd chain sphingolipids (one for each class) was added to the extract. After a vortexing step, 280 µl of MeOH and 190 µl of CHCl 3 was added to the samples. Extraction was performed by sequential additions of H 2 O, CHCl 3 , and H 2 O (150, 190, and 160 µl, respectively), with a vortexing step after every addition. Samples were then centrifuged at 5,000 × g for 10 min and the organic lower layer was transferred to another Eppendorf tube. The organic extract was then evaporated to dryness under vacuum and stored at −80°C until analysis. On the day of analysis, extracts were reconstituted in 200 µl of MeOH, sonicated for 2 min, vortexed, and filtered by centrifugation for 3.5 min at 3,500 × g using 0.1-mm membrane spin filters (Merck Millipore, Billerica, MA). Extracts were then transferred into autosampler vials and 7.5 µl was injected for LC-MS/MS analysis.
Extraction method 2: For the analysis of sphingosine, sphinganine, sphingosine-1-phosphate, and sphinganine-1-phosphate, another aliquot of 100 µl of the extract was used. After addition of 10 µl of a mixture containing odd chain sphingoid bases, 100 µl of 0.5% formic acid in water and 200 µl of methanol were added to the samples. Samples were then vortexed and centrifuged at 5,000 × g for 10 min and filtered by centrifugation for 3.5 min at 3,500 × g using 0.1-mm membrane spin filters. Extracts were then transferred into autosampler vials and 7.5 µl was injected for LC-MS/MS analysis.
Sphingolipids were measured in MRM mode using an Acquity ultra performance liquid chromatography (UPLC) coupled to a Xevo TQ mass spectrometer (Waters, Milford, MA). Two independent chromatographic separations were used on an Acquity UPLC BEH C8 column (1.7 µm, 2.1 mm × 150 mm) equipped with an Acquity UPLC BEH C8 VanGuard precolumn. The chromatographic method and MS/MS selected reaction monitoring transitions are detailed elsewhere (Checa et al., 2015) . Results are presented in absolute concentration (mean ± SD).
Monitoring of Cell Death Using Live Cell Imaging System
Apoptosis assay: A549 cells were seeded at 20,000 cells per well in a 96-well tissue culture plate. The cells were let to attach overnight and treated the next day as specified in the section Cell Culture: Ctrl (DMSO), IL-1β (IL-1β + DMSO), CIII (IL-1β + CIII), and NS-398 (IL-1β + NS-398). SYTOX Green Nucleic Acid Stain (1:50.000, cat# S7020, Invitrogen AB, Sweden) was added to one set of triplicate wells and Annexin V Red Reagent (1:200, cat# 4641, Essen BioScience) and Caspase-3/7 Green Reagent (1:1,000, cat# 4440, Essen BioScience) were added to another set of triplicate wells. Staurosporine (STS, S5921, Sigma-Aldrich) at 1 µM was used as positive control. The cells were monitored using IncuCyte S3 (Essen BioScience) for 48 h. Four images per well at 10× magnification were collected every third hour. The data were analyzed using IncuCyte S3 version 2018A (Essen BioScience) with individual mask settings for SYTOX Green, Annexin V Red Reagent, and Caspase-3/7 Green Reagent based on green or red fluorescence intensity. Results are presented as green object count per mm 2 for SYTOX Green and active caspase-3/7 and as red object area (% confluence) for annexin V.
Proliferation assay: A549 cells were seeded at 5,000 cells per well in 96-well tissue culture plates. The cells were let to attach overnight and treated the next day as specified in the section Cell Culture. In addition, cells were treated with cytostatic drugs cisplatin (0.01-100 µM), etoposide (0.01-100 µM), or vincristine (0.001-10 µM) in combination with the treatment stated earlier: Ctrl (DMSO), IL-1β (IL-1β + DMSO), CIII (IL-1β + CIII), and NS-398 (IL-1β + NS-398). SYTOX Green Nucleic Acid Stain (1:50.000) was used as marker for cell death. The cells were monitored using IncuCyte S3 for 70 h. Four images per well at 10× magnification were collected every third or fourth hour. The data were analyzed using IncuCyte S3 version 2018A with individual mask settings for SYTOX Green (based on green fluorescence intensity) and confluency (phase object). Results are presented as percentage of total well area for confluency and green object count per mm 2 for SYTOX Green.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software Inc., USA). Statistical significance of individual proteins was tested with independent t test followed by the Benjamini-Hochberg procedure (α = 0.05) to account for false-positive discoveries. One-way ANOVA followed by pairwise independent t test with Bonferroni correction were used for testing statistical significance in prostanoid concentration, fatty acid composition of total lipids, phospholipid profile, and sphingolipid concentration. The level of significance was set to p < 0.05. Principal component analysis (PCA) was performed on the lipidomics data (excluding the prostanoid data) using SIMCA P+ version 12 (MKS Data Analytics Solution, Umeå, Sweden).
RESULTS
Effect of CIII and NS-398 on Prostanoid Profiles
The protein expressions of mPGES-1 and COX-2 were induced with IL-1β in the presence or absence of CIII or NS-398 during 24 h of incubation ( Figure 1B) . CIII decreased PGE 2 production and increased PGF 2α and TXB 2 formation while NS-398 blocked the production of all prostanoids ( Figure 1C) .
Effects of CIII and NS-398 on Protein Profiles and Molecular Pathways
Quantitative LC-MS/MS-based proteomics was performed to analyze differences in protein levels in an untargeted manner. Subcellular fractionation and HPLC-based reversed-phase separation at peptide level were employed to achieve deep proteome coverage and stable isotope labeling of peptides was utilized for relative protein quantification. The total number of quantified proteins at the significant level (p < 0.01) across the dataset in the cytosolic and microsomal fractions was 860 and 882, respectively. The shared protein identities between the different treatment groups are shown in Supplementary Figure  S1 . The top 10 altered proteins by each inhibitor are presented in Table 1 . Performing Benjamin-Hochberg procedure to account for multiple testing resulted in nine proteins for CIII and two proteins for NS-398 being altered compared to IL-1β treatment. Treatment with CIII increased Ubiquitin thioesterase OTUB1 (p = 0.00014) and Myosin light polypeptide 6 (p = 0.00014) with decreased Autism susceptibility gene 2 protein (p = 1.6E−11), Heterogenous nuclear ribonucleoprotein C-like 2 (p = 6.2E−05), L-aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase (p = 0.00013), ATP-dependent DNA helicase Q1 (p = 0.00016), 4F2 cell-surface antigen heavy chain (p = 0.00021), Nucleolar protein 56 (p = 0.00024), and Pescadillo homolog (p = 0.00024). These proteins were not altered by IL-1β alone (Supplementary Table S1 ). Treatment with NS-398 decreased 60S ribosomal protein L21 (p = 2.5E−09) and TGFbeta receptor type-2 (p = 5.1E−06). However, only the effect in 60S ribosomal protein L21 was unique for NS-398 as the change in TGF-beta receptor type-2 was also observed with IL-1β alone (Supplementary Table S1 ). Pathway analysis applied to the entire dataset revealed that the most affected canonical pathways based on p value were the same for both inhibitors (Figure 2A) . EIF2 signaling, regulation of eIF4 and p70S6K signaling, and mTOR signaling were decreased with CIII treatment and increased with NS-398 treatment. Both inhibitors increased actin cytoskeletal signaling and decreased remodeling of epithelial adherens junctions. Disease and functions analysis predicted that functions belonging to the categories protein synthesis and cell death were the most affected by both inhibitors (Figure 2B) . CIII treatment was predicted to increase cell death of cancer cells (Z = 3.8, Supplementary Table S1 . 
Proteomics was performed on A549 cell pellets using LC-MS/MS. The top 10 proteins altered by CIII or NS-398 based on p value are listed. Statistical significance was tested using individual t test (n = 3) followed by the Benjamini-Hochberg procedure (α = 0.05). An asterisk (*) denotes significant p value after the Benjamini-Hochberg procedure. Proteins that were uniquely altered by inhibitors and not altered by IL-1β are highlighted in bold. The top altered proteins by IL-1β is shown in
Effect of CIII and NS-398 on Lipid Profiles
Multiple chromatography-based methods were used to quantify changes in the A549 cellular lipidome upon inhibition of mPGES-1 or COX-2. First, we detected and quantified 8 out of 23 measured fatty acids in our GC-FID analysis and there were no changes across the different treatments ( Supplementary  Table S2 ). Second, we detected and quantified 60 out of 107 phospholipids across the samples (Supplementary Table S3 ). Third, we detected and quantified 19 out of 25 measured sphingolipids across the samples (Supplementary Table S4 ). Multiple differences in lipid species between CIII and NS-398 were found (Figure 3) . PCA was performed on the lipidomics data for CIII and NS-398 generated from these three platforms. The obtained model [R 2 X(1) = 0.51, R 2 X(2) = 0.18] showed separate FIGURE 2 | Effect on molecular functions by CIII and NS-398. IPA was performed on quantified proteins from CIII and NS-398 samples. (A) The top 10 affected canonical pathways based on p value are shown for each inhibitor. The calculated Z score indicates a pathway with proteins exhibiting overall increased levels ( Z > 0, black bars) or decreased levels ( Z < 0, gray bars). White bars represent no overall increase or decrease of proteins in the assigned pathway. The ratio (white dots connected by a black line) shows the fraction of proteins from the dataset that map to the pathway compared to the total number of proteins that map to the same pathway in the database. clustering of the two inhibitors in a scores plot ( Figure 3A) . The corresponding loadings plot is shown in Supplementary Figure  S2 . The lipids most important for the separation were LPCs and ceramides. We found nine phospholipids to be significantly altered between the two inhibitors ( Figure 3C ). The strongest effect was observed in the LPC profile, where LPC(16:0), LPC(18:2), LPC(18:1), LPC(20:4), and LPC(22:6) were altered between the two inhibitors. Additionally, PC(38:4) was increased while PC(34:0), PC(38:6), and PS(40:6) were decreased with CIII treatment compared to NS-398. As for sphingolipids, treatment with CIII increased the concentration of sphinganine and C 16:0 DhCer while treatment with NS-398 resulted in a general decreased concentration in multiple sphingolipids: C 14:0 -Cer, C 22:0 -Cer, C 24:1 -Cer, and C 16:0 -LacCer ( Figure 3D ).
Effect of CIII and NS-398 on Cell Death
The effect on cell death was investigated using the live cell imaging system IncuCyte. We first analyzed the effect of CIII and NS-398 on apoptosis. This was performed at high density seeding to mimic the omics experiments, and the cells were incubated with SYTOX Green for measuring cell death and fluorescent probes for PS exposure (annexin V) and active caspase-3/7 for measuring apoptosis. We did not observe any significant changes in cell death between the two inhibitors or compared to IL-1β alone (Supplementary Figure S3) . We next investigated the effect of CIII and NS-398 on proliferation and whether the inhibitors altered the cytotoxicity of cytostatic drugs. The cells were seeded at lower density to enable monitoring for a longer time before the cells reached confluency. Our results show that CIII alone decreased the proliferation rate without inducing cell death (Figure 4; Supplementary Figure S4 and S5) . CIII potentiated the cytotoxicity of cisplatin (10 µM), etoposide (10 µM), and vincristine (0.01 µM), resulting in slower proliferation rate and increased cell death. NS-398 did not alter the cytotoxicity of the tested cytostatic drugs.
DISCUSSION
PGE 2 is a key lipid mediator in inflammation and tumorigenesis, affecting virtually all aspects of cancer progression (Wang and Dubois, 2010) . Reducing PGE 2 concentration in the tumor microenvironment by selective inhibition of mPGES-1 is anticipated as an alternative strategy for anti-cancer treatment with improved selectivity and safety compared to conventional NSAIDs (Larsson and Jakobsson, 2015) . In this study, we used proteomics and lipidomics platforms to investigate differences between mPGES-1 inhibitor CIII and COX-2 inhibitor NS-398 in IL-1β-induced A549 cells. Selective mPGES-1 inhibitor CIII concentration-dependently reduces PGE 2 production . This effect is in contrast to treatment with the selective COX-2 inhibitor NS-398, which inhibits the production of all prostanoids. We showed that inhibition of mPGES-1 in A549 cells also resulted in increased formation of PGF 2α and TXB 2 . The increase in these prostanoids could be explained by shunting of PGH 2 to other terminal synthases when mPGES-1 is blocked, an effect that has been observed in studies on genetic deletion (Kapoor et al., 2006; Brenneis et al., 2008) and pharmacological inhibition (Beales and Ogunwobi, 2010; Ozen et al., 2017) of mPGES-1. In particular, increased PGF 2α formation has been reported for the mPGES-1 inhibitor MF63 in A549 cells (Xu et al., 2008) . However, the effect on other prostanoids may be mediated by mechanisms other than redirection or shunting such as drug off-target effects or feedback loop effects.
While the detrimental roles of PGE 2 are well established in multiple cancer forms, the contribution of PGF 2α and TXA 2 is less studied. Results from in vitro studies showed that PGF 2α can stimulate migration and invasion of colon (Qualtrough et al., 2007) and endometrial (Keightley et al., 2010) cancer cells, where PGF 2α has been shown to induce proliferation (Sales et al., 2004) and angiogenesis (Sales et al., 2005) in endometrial cancer cell lines. These studies were conducted at ≥100 nM (= 35,000 pg/mL) PGF 2α that is well above expected physiological concentration and calculated affinities for prostanoid receptors (Abramovitz et al., 2000) , but the effect of added PGF 2α was attenuated with the use of PGF 2α receptor (FP) antagonist (Keightley et al., 2010; Sales et al., 2005) . It has been shown in vivo that stable expression of the FP receptor on endometrial cancer cells in a xenograft model increases neutrophil infiltration, but this does not influence tumor growth (Wallace et al., 2009) . NSCLC tissues have increased expression of mPGES-1 (Yoshimatsu et al., 2001) and thromboxane synthase (TXAS) (Cathcart et al., 2011) . TXA 2 is a potent mediator of platelet aggregation and vasoconstriction, but it is also linked to tumor cell proliferation and invasion (Ekambaram et al., 2011) . A549 cells express the FP receptor (Fang et al., 2004) and both spliced variants of the TXA 2 receptor (TPα and TPβ) (Huang et al., 2013) , meaning these prostanoids can act in an autocrine fashion.
It is difficult to extrapolate our prostanoid results in vitro to the outcome of mPGES-1 inhibition in a lung tumor in vivo, even when comparing with aforementioned literature. We and others have demonstrated the feasibility of mPGES-1 as a therapeutic target in cancer, as genetic deletion or pharmacological inhibition of mPGES-1 results in slower-growing tumors in vivo FIGURE 3 | Differences between CIII and NS-398 based on lipidomics data. Fatty acids, phospholipids, and sphingolipids were measured in A549 cell pellets. (A) Score plot from unsupervised clustering by PCA showing separation of CIII and NS-398. The corresponding loadings plot is found in Supplementary Figure S2. (B) Volcano plot showing differences in lipids between CIII and NS-398. The top 3 altered lipid species based on p value (individual t test) are highlighted in black dots. (C) Differences between CIII and NS-398 in individual phospholipids expressed in area% (mean ± SD, n = 3) within each phospholipid class of one experiment. (D) Differences between CIII and NS-398 in individual sphingolipids expressed in pmol per million cells (mean ± SD, n = 3) for one experiment. Statistical significance was tested using ANOVA followed by individual t test with Bonferroni correction (p < 0.05). The asterisk (*) represents significance to IL-1β and the hashtag (#) represents significance between the two inhibitors. Complete datasets for lipidomics results are presented in Supplementary Tables S2 to S4. (Hanaka et al., 2009; Kamei et al., 2009; Nakanishi et al., 2011; Sasaki et al., 2012; Howe et al., 2013; Takahashi et al., 2014; Zelenay et al., 2015; Kock et al., 2018) . Possible shunting of PGH 2 in the tumor microenvironment when mPGES-1 is blocked is a potential concern, but it may also lead to the formation of prostanoids other than PGF 2α and TXB 2 when diverse cells are present. For example, this could, in theory, lead to the generation of stromalderived prostacyclin or mast cell-derived PGD 2 , where prostacyclin analog Iloprost (Nemenoff et al., 2008) and PGD 2 analog BW245C (Murata et al., 2011) have shown anti-cancer effects in lung cancer mouse models. Indeed, studies on human vessels (Ozen et al., 2017) suggest that redirection of PGH 2 to prostacyclin is the dominant effect in vivo. The only phase I clinical trial published with an mPGES-1 inhibitor in man (Jin et al., 2016) supports this concept, as a decreased amount of urinary PGE 2 metabolite coincides with an increased amount of urinary prostacyclin metabolite. We conclude that selective reduction in PGE 2 production upon mPGES-1 inhibition is key for anti-cancer properties and that the consequence(s) of the possible increase in other prostanoids needs to be evaluated in vivo.
The effect of mPGES-1 inhibitors on proteomic changes has not been reported in the literature. However, studies to investigate the effect of COX inhibitors on a proteomic scale in different cells have been performed (Lou et al., 2006; Baek et al., 2010; O'Brien et al., 2011; Rezaie et al., 2011) . These studies collectively show that COX inhibitors can alter the proteome in different ways and sometimes in opposing direction depending on multiple parameters including inhibitor type, inhibitor concentration, treatment duration, cell type (origin and COX expression levels), and potential use of pro-inflammatory stimuli. Our proteomics analysis showed that treatment with CIII or NS-398 resulted in distinct changes in several proteins. CIII increased Ubiquitin thioesterase OTUB1 and Myosin light polypeptide 6 while it decreased Autism susceptibility gene 2 protein, Heterogenous nuclear ribonucleoprotein C-like 2, L-aminoadipate-semialdehyde dehydrogenase, ATP-dependent DNA helicase Q1, 4F2 cell-surface antigen heavy chain, Nucleolar protein 6, and Pescadillo homolog. Ubiquitin thioesterase OTUB1 regulates multiple pathways in cancer progression and increased expression of OTUB1 is associated with poor prognosis in several cancers including lung cancer (Saldana et al., 2019) . Myosin light polypeptide 6 is a component of macromolecular complex myosin, and it is involved in the pathways ERK signaling and cytoskeleton remodeling via actin. Autism susceptibility gene 2 protein is implicated in neurodevelopment, and deletion of this gene has been associated with lung adenocarcinoma (Weir et al., 2007) . Heterogenous nuclear ribonucleoprotein C-like 2 is a component of the 40S ribosomal subunit and is involved in RNA processing. L-aminoadipate-semialdehyde dehydrogenase is implicated in lysine metabolism. ATP-dependent DNA helicase Q1 may be involved in repair of DNA. 4F2 cell-surface antigen heavy chain is a transmembrane protein that is implicated in integrin signaling. Nuclear protein 6 is involved in rRNA biogenesis and its expression is associated with poorer prognosis in liver and thyroid cancer (data available from the Human Protein Atlas, HPA, version 18, www.proteinatlas.org). Pescadillo homolog is an estrogen-induced protein implicated in breast cancer development and progression (Li et al., 2009; Cheng et al., 2012) . Treatment with NS-398 decreased 60S ribosomal protein L21, which is implicated in protein synthesis. Our data suggested differences in the abundance of individual proteins when treating cells with CIII or NS-398.
We acknowledge that it is difficult to extrapolate the biological significance of these individual protein changes in lung cancer based on proteomics data alone as this would require validation with orthogonal techniques (such as Western blot) and the role of each protein to be tested in functional assays. It should be pointed out that the inhibitors may influence enzyme activity via phosphorylation rather than protein abundances. Using a more translational approach, we performed IPA on the whole protein lists, which revealed that the two inhibitors had opposite effect on top canonical pathways including EIF2 signaling, regulation of eIF4 and p70S6K signaling, and mTOR signaling. These pathways are important for cell growth by controlling mRNA translation, autophagy, and metabolism (Guertin and Sabatini, 2007) . The mTOR signaling pathway is dysregulated in many forms of cancer including NSCLC (Ekman et al., 2012) and the mTOR inhibitor rapamycin decreases A549 cell proliferation, induces autophagy, and sensitizes the cells to radiation (Li et al., 2016) . The downregulation in these canonical pathways by CIII suggests an inhibitory effect on protein translation and alteration in lipid metabolism. Using IPA to annotate these changes to disease and cellular functions, we found that the predicted outcome of CIII treatment was promotion of cell death while NS-398 treatment was predicted to result in an anti-cell death state.
We used lipidomics platforms to investigate further differences between CIII and NS-398. Membrane lipid saturation is a shared feature among cancer cells, and this results in reduced membrane fluidity and dynamics, which ultimately is associated with increased oxidative stress tolerance and increased chemotherapy resistance (Beloribi-Djefaflia et al., 2016; Rohrig and Schulze, 2016) . Using GC-FID analysis, we quantified fatty acid profiles of total lipids and there was no effect from the inhibitors, suggesting that neither inhibitor alters membrane fluidity. Moreover, we performed targeted LC-MS/MS analysis to measure cellular phospholipids. The strongest effect was seen in the LPC species, where LPC(18:1) was increased and LPC(16:0) and LPC(18:2) were decreased with NS-398. LPCs are mainly generated by metabolism of membrane PCs by cPLA 2 (Burke and Dennis, 2009) , and these lipids have been found to be involved in several cellular processes and sometimes with opposing effect depending on degree of saturation, concentration, and biological context (Sevastou et al., 2013; Drzazga et al., 2014) . Data are presented as mean ± SD (n = 3) with Ctrl (light gray circle, ○), IL-1β (dark gray square, ■), CIII (black diamond, ♦), and NS-398 (white triangle, Δ) from one experiment. The experiment was performed twice in triplicate. The graphs illustrate concentrations of cytostatic drugs where CIII increased the cytotoxic effect of cytostatic drugs. All tested concentrations and the two independent experiments are presented in Supplementary Figure S4 and S5.
We conclude that inhibition of COX-2 caused a stronger effect in the LPC profile compared to inhibition of mPGES-1, where the biological consequence remains to be elucidated.
Furthermore, our sphingolipid analysis showed that CIII treatment increased the concentration of sphinganine and C 16:0 DhCer while NS-398 treatment resulted in a general reduction in ceramides. These changes can be linked to alterations reported in the literature. Schiffman et al. found that the anti-proliferative effect of the selective COX-2 inhibitor celecoxib in A549, HeLa, and HCT-116 cells was due to COX-2 independent alterations in sphingolipid levels, i.e., increase in sphinganine and DhCers (C 16:1 , C 24:1 , and C 24:0 ) with decrease in Cers (C 24:1 and C 24:0 ) (Schiffmann et al., 2009) . They concluded that these changes were due to both activation of de novo sphingolipid synthesis and inhibition of dihydroceramide desaturase (DEGS). This effect was unrelated to COX-2 inhibition since other tested COX-2 inhibitors did not alter sphingolipid levels. In line with this, several studies have shown that accumulation of DhCers precedes apoptosis in cancer cell lines. Jiang et al. have demonstrated this effect for vitamin E forms of γ-tocopherol in A549 cells (Jiang et al., 2004 ) and γ-tocotrienol in prostate cancer cell lines (Jiang et al., 2012) , while Wang et al. have shown this effect for the anti-cancer agent fenretinide (4-hydroxyphenyl retinamide, 4-HPR) in an ovarian cancer cell line (Wang et al., 2008) . Also, oxidative stress has been shown to lead to accumulation of DhCers via inhibition of DEGS without affecting the level of Cers in A549 cells (Idkowiak-Baldys et al., 2010) . Cers are considered as tumor suppressors that can potentiate cell death and autophagy responses (Young et al., 2013) . In particular, Cers can activate apoptosis via lysosomal effects (cleavage of Bid) or inhibition of anti-apoptotic mediators Bcl-2 and Bcl-XL, and activate JNK signaling and suppress Akt signaling that ultimately decreases cell survival. The reduction in ceramides together with activation of mTOR suggest increased cell survival or less apoptosis with NS-398 treatment. However, the molecular effect of Cers is dependent on acyl chain length and saturation degree (Ponnusamy et al., 2010) . Collectively, our sphingolipids data pointed towards induction of cell death with CIII treatment compared to NS-398 treatment.
We finally investigated the effect of the inhibitors on cell death. CIII or NS-398 alone did not induce cell death in general or apoptosis specifically. When co-treating cells with the inhibitors and cytostatic drugs, we found that CIII increased the cytotoxicity of cisplatin, etoposide, and vincristine. We observed that CIII potentiated the anti-proliferative effect that coincides with increased induction of cell death. This is in line with previous observations that genetic knock-down or pharmacological inhibition of mPGES-1 increased the effect of the EGFR inhibitor erlotinib in prostate cancer cells in vitro and in vivo (Finetti et al., 2015) . Multiple studies have reported that NSAIDs induce apoptosis or reduce proliferation in vitro, e.g., the use of celecoxib (Liu et al., 2004; Schiffmann et al., 2009; Ramer et al., 2013) , NS-398 (Qiu et al., 2012) , and indomethacin (Kato et al., 2011; Mandegary et al., 2013) in A549 cells. However, these studies were conducted at high (50-400 µM) NSAID concentrations, and the anti-cancer effect of especially celecoxib is not COX-2 exclusive (Schiffmann et al., 2009) . Nonetheless, NSAIDs can potentiate the effect of cytostatic drugs in vitro (Duffy et al., 1998) and NSAIDs have been demonstrated to enhance the effect of checkpoint inhibitors in xenograft mouse models (Zelenay et al., 2015) . Our results support that an mPGES-1 inhibitor would replicate these actions of NSAIDs by selectively lowering oncogenic PGE 2 in the tumor microenvironment. However, our analysis showed that NS-398 decreased rather than increased cell death, despite reducing the production of PGE 2 . As discussed above, the cytotoxic effect upon mPGES-1 inhibition may be dependent on a decrease in PGE 2 with a simultaneous increase in other prostanoids.
The limitation of our study is the use of a single inhibitor for mPGES-1 or COX-2 at one concentration. The concentrations were selected based on each inhibitor's potency to suppress the induced PGE 2 production to a similar level in this particular setting , and the reduction in PGE 2 was evaluated in each experiment in our current study. We acknowledge that our experiments were performed on one cell line, where A549 is regarded as a good model system to study the COX/mPGES-1/PGE 2 pathway. We encourage additional investigations with other inhibitors and cell-based systems to confirm the observed changes.
In conclusion, we report that selective inhibition of mPGES-1 or COX-2 affects protein and lipid profiles differently in A549 cells. Our proteomics and lipidomics data suggested a pro-cell death state with inhibition of mPGES-1 compared to inhibition of COX-2 based on 1) changes in molecular pathways based on alterations in protein profiles and 2) accumulation in two sphingolipid species (C 16:0 DhCer and sphinganine) previously described in cancer cell death. The change in cell death was demonstrated in live cell imaging experiments, where CIII decreased proliferation and potentiated the cytotoxic effect of cisplatin, etoposide, and vincristine. Hence, inhibition of mPGES-1 can sensitize cancer cells to treatment with cytotoxic drugs, and this could be a valid therapeutic strategy to improve efficacy of existing chemotherapy. Results from our study motivate the development of selective mPGES-1 inhibitors as therapeutic adjuvants to treat cancer.
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